The low-frequency noise in GaN/AlGaN heterostructure field-effect transistors ͑HFETs͒ was studied in the temperature range from 8 to 300 K. A contribution of generation-recombination noise with extremely small activation energy E a ϭ(1Ϫ3) meV was observed at TϽ50 K. At 70рTр150 K, the temperature dependence of noise in HFETs with a doped channel exhibited a broad maximum. The position of the maximum was practically independent of the frequency of analysis. The model linking this maximum to the electron tunneling from the channel to the silicon donor level in GaN is discussed.
I. INTRODUCTION
Applications, such as radio astronomy and deep space communications, require extremely low noise and ultimate sensitivity. To reduce the noise figure of the front-end receivers, GaAs, 1 InP, 2, 3 or Si and Si/SiGe-based 4,5 cryogenic devices are used for these applications. The AlGaN/GaN heterostructure field-effect transistor ͑HFET͒ is a potential candidate for such applications as well. The unique feature of AlGaN/GaN HFETs is that they can operate within an extremely large temperature range from the lowest possible temperature up to several hundred degrees Celsius. 6 The low-frequency noise, which leads to the spectral distortion, is also very important for cryogenic electronics. 7, 8 However, to the best of our knowledge, GaN-based devices have not been evaluated for the low-temperature applications.
Low-frequency noise measurements are powerful tools to study impurity and defects in the forbidden gap 9, 10 and to diagnose the quality and reliability of semiconductor devices. 11 The impurities and defects can determine not only the noise properties of transistors, but also the optical and electrical behavior of heterostructures. Noise measurements at low temperatures can reveal the contribution of very shallow levels, which can not be detected by deep level transient spectroscopy ͑DLTS͒.
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The mechanism of the low-frequency noise in GaN/ AlGaN HFETs is not quite clear. Recently, it has been suggested that the 1/f noise in GaN/AlGaN HFETs might be caused by electron tunneling from the channel to the traps in adjoining GaN and/or AlGaN layers. 13, 14 Low-temperature measurements might reveal the contribution of the tunneling mechanism due to suppression of the activation processes at low temperatures.
The low-frequency noise at room and elevated temperatures in GaN and GaN-based devices has been studied in numerous papers ͑see Ref. 15 and references therein͒. In this article, we present the results of low-frequency noise measurements in GaN/AlGaN HFETs in the temperature range from 8 to 300 K.
II. EXPERIMENTAL DETAILS
A 150 nm AlN layer grown on SiC substrate was followed by the deposition of a 1 m nominally undoped GaN layer and 50 nm n-GaN layer with estimated doping level of 2ϫ10 17 cm Ϫ3 . The heterostructure was capped with a 40 nm Al 0.2 Ga 0.8 N barrier layer. The Hall measurements yield the electron sheet concentration n s ϭ1.3ϫ10
13 cm 2 and Hall electron mobility 1500 cm 2 /V s. In order to reduce the influence of contact resistance and resistance of the source-gate, gate-drain spacing, the transistors with relatively long gates (L g ϭ5 m) have been used for measurements ͑source-drain spacing was L ds ϭ7 m). The gate width was Wϭ50 m.
A low-frequency noise was measured in the frequency range from 1 Hz to 10 kHz in the temperature interval from 8 to 300 K. 
III. EXPERIMENTAL RESULTS
The measurements of the current-voltage characteristics showed that the threshold voltage V th ϭϪ6.1 V does not strongly depend on temperature across the entire temperature range 8 -300 K. Hence, the electron sheet concentration also changed little with temperature. Figure 1 shows the noise spectra of the relative shortcircuit drain current fluctuations S Id /I d 2 at several temperatures from 75 to 180 K at the gate voltage V g ϭ0 V. Using the techniques described in details in Refs. 16 and 17, we determined that neither the contact noise nor the noise from gate leakage current contributed much to the total output HFET noise. As seen in Fig. 1 , the noise spectra have the form of the 1/f ␥ noise with the exponent ␥ being close to unity and only weakly dependent on temperature.
The noise level in different semiconductor materials and structures is often characterized by the Hooge parameter ␣:
where N is the total number of the carriers in the sample. At V g ϭ0 V, we found ␣Ϸ1.7ϫ10 Ϫ4 , taking Nϭn s ϫL ds ϫW. A more accurate procedure of the ␣ extraction should take into account different noise properties of the channel and source-gate, gate-drain intervals, and the influence on the noise of the series resistance of the drain and source contacts. 13, 14 However our estimations showed that due to the small contact resistance (R cont Ϸ0.5 ⍀ mm) and small source-gate, gate-drain spacing in comparison with the gate length, the correction to the obtained value of ␣ did not exceed 10%. Figure 2 shows the noise spectra in temperature interval 8 -30 K. For the temperature T ϭ 8 K, we showed the noise spectrum itself and the smoothing line. For temperatures of 20 K and 30 K, only smoothing lines are shown. As seen in Fig. 2 , an apparent Lorentzian gives a contribution to noise at frequency f 0 Ͼ100 Hz. With the temperature increase, the amplitude of the noise decreases and the characteristic frequency, f 0 , shifts to higher frequencies. This behavior is very typical for the generation-recombination ͑GR͒ noise. 10 The analysis of the temperature dependence of the characteristic relaxation time, 0 ϭ1/2 f 0 , using the standard Arrhenius plot method 10 yields a very small activation energy, E a ϭ1Ϫ3 meV. This energy is equal to or even smaller than the thermal energy kT ͑k is the Boltzmann constant͒ at the measurement temperature. Figure 3 shows the temperature dependences of noise at different frequencies. Small maxima at T Ͻ 50 K correspond to the GR noise seen in the noise spectra of Fig. 2 . The dashed line shows how the position of the maxima shifts to the higher temperatures with the frequency increase. 10 Within the temperature range from 50 to 150 K, broad maxima have been observed in the noise temperature dependences. Although these temperature dependences look somewhat similar to those typical for GR noise, the observed noise can not be attributed to the simple GR noise for two main reasons: ͑i͒ the position of the maxima practically does not depend on frequency and ͑ii͒ the frequency dependence of noise at all temperatures T Ͼ 50 K is close to that typical for the 1/f noise ͑see Fig. 1͒ .
Extremely broadened GR-like noise spectra have been observed in AlGaAs/GaAs heterostructures at low temperatures, 18 -20 and a similar maximum was attributed to the real-space transfer from the two-dimensional ͑2D͒ electron gas to the AlGaAs layer. As discussed next, tunneling might also be responsible for the observed noise temperature behavior. Furthermore, tunneling from the channel to the shallow donor level of Si in GaN might explain the measured temperature dependence of noise in AlGaN/GaN-doped channel HEMTs in the temperature range from 50 to 150 K. Figure 4 shows a simplified band diagram of the GaN/ AlGaN heterostructure. The dashed line shows the positions of the main shallow donor level of Si with an activation energy of E a Ϸ0.02 eV. 21 The electrons from the 2D electron gas in the channel can tunnel to the GaN and be captured by the Si donor level.
IV. THEORY
At low temperatures, the Fermi level is located higher than the Si level. Hence, the occupancy of the Si level is close to unity, and the noise is relatively small. With a temperature increase, the Fermi level moves down. When it coincides with the Si level in the bulk of GaN, the level occupancy is equal to 0.5 and, consequently, the noise reaches its maximum value. With a further temperature increase, the Si level occupancy decreases, and the noise decreases as well. Since the electrons can tunnel to the different distances in order to be captured by the Si level ͑see Fig. 4͒ , the noise spectrum, just like in the McWhorter model, 22 might be 1/f -like.
The characteristic time of capture c of an electron by the Si level in the GaN layer could be expressed as:
where f e is the Fermi function for the electrons in the quantum well:
and is the capture cross section, m is electron effective mass, p and are the longitudinal moment and energy of electron, respectively, F is the Fermi energy, ͑all energies are measured up from the first-quantum level q as shown in Fig. 4͒ . The capture cross section, , is proportional to the exponential function, describing the probability for an electron to tunnel from the quantum well to position x in GaN:
͑4͒
where p Ќ (x) is the transverse electron momentum.
For a triangular quantum well ͑see Fig. 4͒ , the momentum p Ќ (x) can be expressed as
where F is the electric field. Then, the cross section, , can be found from Eqs. ͑3͒ and ͑4͒:
where
The electron tunneling can be phonon assisted. Therefore, electrons within a certain energy interval around the energy level, d , can be captured by the Si level in GaN. The probability to be captured is maximal for the electrons with the energy equal to the energy d and exponentially decreases with either an increase or decrease of the electron energy:
Substituting Eqs. ͑5͒ and ͑6͒ into Eq. ͑1͒, we find
͑8͒
After integration over p in the limit Tӷ 1 , 2 , we obtain the following expression for the capture time
The time constant () describing the relaxation of the occupancy of the level after deviation from equilibrium is given by
Simplified band diagram of the AlGaN/GaN heterostructure. is the occupancy of the level, g is the level degeneracy factor, and x is the tunneling distance. As follows from Eqs. ͑9͒ and ͑10͒, the time constant only weakly depends on temperature.
The spectral noise density of the number of carriers fluctuations caused by the capture of electrons tunneling on the distance x within the interval from x to xϩdx can be written in the conventional form:
where N d is the sheet impurity concentration. The noise density spectrum of the fluctuations of the carrier could be obtained by substituting Eqs. ͑9͒ and ͑10͒ into Eq. ͑11͒ and integrating over coordinate x:
Integral ͑12͒ can be estimated analytically:
where ␥ϭ 0 ,
The numerical calculation of the integral in Eq. ͑14͒ showed that it is of the of order of unity and its dependence on temperature and frequency can be neglected. Therefore, the temperature dependence of noise is mostly determined by the term
Eq. ͑14͒ and the noise spectrum predicted by Eq. ͑14͒ is 1/f -like.
V. DISCUSSION AND COMPARISON WITH THE EXPERIMENT
All parameters in Eqs. ͑13͒ and ͑14͒, except x F , are the known parameters of a HFET. Self-consistent calculations of the band diagram 23 yield the value of x F Ϸ3ϫ10 Ϫ7 cm. The Fermi level position in a nondegenerate GaN relative to the donor level can be found as.
23
where N c ϭ4.3ϫ10 14 ϫT 3/2 is the effective density of states in the conduction band and g ϭ 2.
21
As follows from Eq. ͑14͒, the theory predicts a 1/f noise spectrum. The temperature at which the noise reaches its maximum does not depend on temperature. Figure 5 compares experimental and theoretical temperature noise dependences for f ϭ 100 Hz. As seen, the agreement between the calculations and experiments is quite good for both the amplitude and position of the maxima.
At temperatures higher than the noise maximum, the theory predicts a larger noise level than that experimentally observed ͑Fig. 5͒. The calculations for different compensation levels showed that this disagreement can not be explained by the presence of compensating deep levels. The temperature dependence of the capture cross section might account for a faster noise decrease at temperatures above the observed maximum.
Another explanation might be related to the deficiency of the McWorter-type tunneling model that does not account for multiple hoping paths via several donors. 24 Finally, tunneling into the AlGaN wide band gap layer might play a very important role. In the latter case, a band of levels in the AlGaN layer might contribute to noise, and their energy distribution will affect the noise temperature dependence.
VI. CONCLUSIONS
Noise properties of GaN/GaAlN HFETs were studied in the temperature interval from 8 to 300 K and frequency range from 1 Hz to 10 kHz. At temperatures below 50 K, the GR noise with the activation energy of 1-3 meV was found experimentally.
The measurements revealed a very broad maximum of the temperature dependence of noise at temperatures 50 -150 K. At temperatures close to the maximum, the noise spectrum has the form of the 1/f -like noise. The position of the maximum does not depend on the frequency.
The model, which explains the observed temperature dependence of noise by the electron tunneling from the 2D electron gas into the silicon donor level states in GaN in the doped channel AlGaN/GaN HFETs, has been developed. This McWorter-type model predicts the 1/f spectrum with the amplitude, and the noise temperature dependence in good agreement with the experiment data. We also briefly discuss alternative mechanisms that might account for the observed noise temperature dependence.
